ABSTRACT A Nb superconducting tunable microstrip gap resonator has been designed and fabricated with low stress Au RF MEMS dc-contact switches. The resonator can be tuned in four states from 12-15 GHz. Simulations show that the resonator Q is highly sensitive to the contact resistance of the MEMS when the switches are actuated. Measurements confirm that the Q degrades from 200 to 50. RF performance of the resonator is investigated at cryogenic (4 K) temperatures while the Nb is superconducting.
I. INTRODUCTION
Radio frequency (RF) microelectromechanical systems (MEMS) are becoming increasingly useful in micro-(and millimeter-) wave circuits. The true excitement over RF MEMS stems from their ability to offer high linearity, low insertion loss and high isolation while requiring virtually no power -all at a relatively low cost (before packaging) [1] . A variety of circuits, including phase shifters [2] , reconfigurable matching networks [3] , and tunable filters [4] have all been demonstrated using RF MEMS devices. Recently, there has been interest in the operation of technologies at cryogenic temperatures for use in radio astronomy applications where detectors are cooled below liquid helium (LHe) temperatures of 4.2 K [5] - [7] . The low insertion loss of RF MEMS can be exploited in these systems to maximize the sensitivity of scientific instruments to weak signals coming from outer space.
Such applications require repeatable and reliable switches for consistent signal detection and the reduction of systematic errors. Often MEMS devices are built using polymers (such as photoresist) for sacrificial layers, mainly due to the ease of fabrication using these methods. However, due to a large Coefficient of Thermal Expansion (CTE) mismatch between the sacrificial layer and the MEMS device layer (usually Au), a large amount of residual stress can be introduced to the MEMS device [8] . The fabrication of large arrays utilizing RF MEMS switches requires the residual stress to be controlled across a wafer. Low-stress fabrication processes that use materials like Al sacrificial layers with CTE's closer to that of Au can ensure device consistency not just across a wafer, but between different fabrication runs [9] .
The operation of Au and Nb-based RF MEMS devices is just beginning to be explored at cryogenic temperatures [9] - [12] . This work further investigates the integration of lossy MEMS materials (like Au) with superconducting transmission lines. The circuit-simulator Advanced Design System (ADS) was used to model the RF performance of a tunable superconducting microstrip gap resonator that can be tuned through four different frequencies over a bandwidth of 12 − 15 GHz. The effect of the RF MEMS switch contact resistance (R C ) on the resonator's performance as it is tuned is presented and compared to measurements of a fabricated resonator.
II. TUNABLE RF MEMS RESONATOR DESIGN
A tunable superconducting microstrip gap resonator has been designed to operate at 15 GHz and be tuned by 1 GHz when the switches are operated. A half-wavelength, loaded-line implementation based on work done by Pothier et al. [13] was chosen because of the ease with which MEMS switches can be integrated into the design (Figure 1) . The resonators were fabricated on 300 μm high resistivity (> 5 k ) Si substrates (double sided polish) with 1000 Å of SiO 2 thermally grown on both sides. The switch fabrication process is reported in [9] . This switch was previously demonstrated to be a reliable switch with a contact force of ∼ 40 μN. The switch has a length, width and thickness of 75 μm, 40 μm, and 2.2 μm (respectively) resulting in a pull-down voltage of ∼ 80 V when the beam is 1.2 μm above the bias pad ( Figure 2 ). A circuit model can be used to electrically describe the switch in the up and down states ( Figure 3) . A simple parallel plate model can be used to estimate C 1 and C 2 to be 85 fF and 42.5 pF respectively. The transmission lines are 240 μm wide and have a characteristic impedance of 50 . The central section of the resonator has a total length of 3.408 mm with two bends, each with an arm 1.032 mm in length extending to a 400 μm gap in the microstrip. A signal will enter one port, couple across the gap and resonate in the central section and then couple to the output port. The gap size is chosen to result in low-coupling in order to preserve the high-Q of the superconducting resonator. The resonant frequency can be varied by switching in two different tuning stubs either separately, or together enabling the resonator to be tuned to four different frequencies. Three switches are actuated in parallel using a single bias line to effectively widen the transmission line at the point of contact and reduce the impedance mismatch that could be generated from a single switch. The longer stub is 1.368 mm while the shorter stub is 0.744 mm and they will tune the resonator by 1 GHz as shown in Fig. 4 .
The microwave circuit simulator Advanced Design System (ADS) was used to design the resonator and the simulation results for the four possible resonant states are presented in Fig. 4 . The simulation shows that drop in Q will be observed when the tuning stubs are switched in and the lossy MEMS can have a large impact on the performance of the circuit. To model a switch in the up-state, an up-state capacitance of 2 fF was used, while for a switch in the down-state, R C of 1 was used [9] . From the simulation results the Q-factor for each switch state can be determined by measuring the full width at half maximum, 3 dB down from the resonance peak. The simulation in Fig. 4 demonstrates that the MEMS reduce the Q of the resonator as the tuning stubs are switched in as expected.
III. RESONATOR FABRICATION
Photoresist is commonly used as a sacrificial layer however, the large coefficient of thermal expansion (CTE) mismatch between photoresist and Au can lead to unwanted deformation of MEMS beams (after release) if the thermal budget 240 VOLUME 5, NO. 4, JULY 2017
FIGURE 5. Fabrication process for RF MEMS Phase Switches. Cross-section is through the length of the device (thicknesses not to scale).
during processing is not carefully monitored [8] . Aluminum (CTE = 23 ppm/K) has a closer a CTE match to Au (CTE = 14 ppm/K) than photoresist (CTE = ∼ 70 ppm/K) can be used to decrease the risk of stress due to process drifts [14] and results in a fabrication process that is much less sensitive to high temperatures than one that uses photoresist as a sacrificial material [3] . This eliminates the need for detailed thermal monitoring or thermal budget restrictions during processing. The fabrication process (reported in greater detail in [15] ) begins with the sputter-deposition of the circuit layer metal consisting of a 4000/300/600 Å stack of Nb/Au/Cr. The Au thickness is chosen to be thin enough to allow a superconducting state to exist within it due to the Proximity (Holm-Meissner) Effect, so the conductivity of the superconducting Nb is not effected by the comparatively low Au conductivity [16] . The Cr serves two purposes: first, to provide a diffusion barrier to Al (the sacrificial layer) to prevent it from diffusing into the Au beam, and the second, to provide an etch-stop for the anchor etch (described below). This metal stack is RIE etched (Figure 5b ) to form the transmission lines and bias pads and then a 4500 Å electron beam evaporated Al film is deposited and lifted off to planarize the sample (Figure 5c ). The next 6000 Å of Al sacrificial layer is sputtered (Figure 5d ) and then the wafer is patterned for dimple lift-off. Another 6000 Å of Al is evaporated and lift-off of the resist leaves dimples in the Al layer (Figure 5e ). Next the wafer is patterned for the anchor etch, which consists of Al/Cr RIE followed by a quick Al wet etch to clean up any residuals left from the RIE (Figure 5f ). The photoresist is stripped and the anchors are electroplated up 1.2 μm so they are planar with the top Al layer (Figure 5g) . A 500 Å Cr diffusion layer is sputtered and patterned to open up a whole in it to expose the anchor Au (Figure 5h ). This barrier prevents the diffusion of the Al in the sacrificial layer into the Au beam which will decrease the conductance of the beam lowering device performance [17] . Next, an Au seed layer is sputtered over the sample and the beams are electroplated to their final thickness of 2.2 μm (Figure 5i) . The Au seed layer is etched away before sputtering a 4000/300 Å Nb/Au ground plane (Figure 5k) . Finally, the Cr/Al sacrificial layer is removed through a series of wet etches before being dried in a critical point dryer (CPD) to prevent stiction of the MEMS to the substrate (Figure 5l) . None of the MEMS devices were stuck due to stiction after release (Figs. 6 and 7) .
IV. MEASUREMENTS & DISCUSSION
The fabricated RF MEMS switches were tested in a Lakeshore CPX cryogenic probe station at the University of Virginia (Fig. 8) . The probe station has 2 RF ports for measurements and four DC probe arms for biasing. An HP8510 VNA was used for all the RF measurements and a Keithley 2635A Sourcemeter for DC biasing. The sample was mounted to the cold stage using silver paint and was cooled to 4.2 K using LHe. A four-point resistance measurement was used to verify the Nb transitioned into the superconducting state as the device was cooled below its critical temperature. Measurement results are presented in Fig. 9 which confirm that the resonator Q is decreased when the MEMS are used to switch in the tuning stubs. Device Q is much lower than expected (as modeled in Fig. 4 ). The discrepancy is believed to be due to two factors: radiation emitting from the microstrip gaps, which was not accounted for in the original ADS model, and a higher than expected R C (6 ), which could be caused by hardening of the Au contact at cryogenic temperatures [9] . High Frequency Structural Simulator (HFSS) was used to model the gap radiation and the results were exported back into ADS. In addition, the measured resonances were shifted from the original model. By modifying the parasitic capacitances C 1 and C 2 ( Fig. 3) to 90 fF and 50 pF respectively the resonance peaks agree with the measured data. The increase in the parasitic capacitance can be explained by the failure of the parallel plate capacitor model to predict fringing fields at the edges of the bias line which can effectively increase the area of the capacitor. The revised model is presented with the measured results in Fig. 9 . A comparison of the tunable resonator to other work is presented in Table 1 . It is important to note that it other MEMS switch-based tunable resonators also suffer from degraded Q as the resonator is tuned [18] .
V. CONCLUSION
This work highlights challenges involved in integrating superconducting circuits with RF MEMS switch technology at cryogenic temperatures. A superconducting tunable RF MEMS microstrip gap resonator has been designed and fabricated using a low-stress Al sacrificial layer fabrication process and integrated with superconducting Nb transmission lines. The low-stress fabrication process ensures consistent device operation across large arrays of MEMS devices which is typical in radio astronomy applications where signals are faint. Cryogenic measurements of resonator Q's are lower than originally expected due to radiation from the microstrip gaps initially unaccounted for in the ADS models and from higher than expected contact resistance of the MEMS switches. RF simulations show that the contact resistance of Au MEMS switches can have a negative impact on the performance of a superconducting device. It is important to note how sensitive the superconducting resonator is to R C and care must be taken to reduce R C as much as possible. One way to accomplish this would be to use a high contact force MEMS switch. While the use of RF MEMS in 242 VOLUME 5, NO. 4, JULY 2017
superconducting cryogenic circuits is a relatively unexplored field, this research points to applications in radio astronomy and other fields where sensitive low-loss electrical systems are utilized to study the frontiers of science. His research interests include applying MEMS and micromachining techniques to the development of millimeter-wave and terahertz circuits and components. He has over 90 publications and several patents in the above areas. In 2011, he co-founded the company Dominion MicroProbes, Inc., to develop and market THz frequency technology co-invented by his group at the University of Virginia, including 500-750 GHz and 750-1100 GHz on-wafer probes.
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